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Abstract: Single or combined plant growth-promoting bacteria (PGPB) strains were widely applied
as microbial agents in cadmium (Cd) phytoextraction since they could promote plant growth and
facilitate Cd uptake. However, the distinct functional effects between single and combined inoculants
have not yet been elucidated. In this study, a field experiment was conducted with single, double and
triple inoculants to clarify their divergent impacts on plant growth, Cd uptake and accumulation
at different growth stages of Brassica juncea L. by three different PGPB strains (Cupriavidus SaCR1,
Burkholdria SaMR10 and Sphingomonas SaMR12). The results show that SaCR1 + SaMR10 + SaMR12
combined inoculants were more effective for growth promotion at the bud stage, flowering stage,
and mature stage. Single/combined PGPB agents of SaMR12 and SaMR10 were more efficient for Cd
uptake promotion. In addition, SaMR10 + SaMR12 combined the inoculants greatly facilitated Cd
uptake and accumulation in shoots, and enhanced the straw Cd extraction rates by 156%. Therefore, it
is concluded that the application of PGPB inoculants elevated Cd phytoextraction efficiency, and the
combined inoculants were more conductive than single inoculants. These results enriched the existing
understanding of PGPB agents and provided technical support for the further exploration of PGPB
interacting mechanisms strains on plant growth and Cd phytoextraction, which helped establish
an efficient plant-microbe combined phytoremediation system and augment the phytoextraction
efficiency in Cd-contaminated farmlands.

Keywords: cadmium; oilseed rape; plant-microbe interaction; phytoremediation; Cd removal

1. Introduction

Phytoremediation technology is an environmentally friendly, simple and effective
strategy for alleviating and cleaning up the soil contaminants of multiple heavy metals
including cadmium (Cd), lead (Pb), chromium (Cr), arsenic (As), etc [1]. More and more
studies have shown that Brassica species have great potential for phytoremediation since
they could tolerate and accumulate high amounts of heavy metals such as Cd [2]. The
relevant mechanisms for high Cd tolerance were also meticulously elucidated, including
an elevated antioxidant defense system, organic acid secretion, the augmentation of total
amino acid production, chelation, and Cd compartmentation into the cell wall [1,3-5].
Therefore, species such as B. rapa and B. juncea are suitable for Cd phytoremediation as
they tolerate and accumulate relatively high levels of Cd [6,7].

Plant growth-promoting bacteria (PGPB) were verified as beneficial to plant growth,
Cd uptake and Cd accumulation as well [8,9]. For example, the inoculation of Pseudomonas
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Sasm05 promoted plant biomass by 45% and Cd uptake by 59% in Sedum alfredii Hance [10].
The inoculation of Bacillus QX8 and QX13 enhanced the dry weight of Solanum nigrum L.
with 136-170% in shoots and 142-196% in roots, and Cd concentrations were also increased
to 228-281%, respectively [11]. A previous study also revealed that Sphingomonas SaMR12
promotes biomass in B. juncea up to 71% in shoots and 81% in roots, and enhanced Cd
accumulation up to 172% under Cd stress [9]. Apart from the beneficial characteristics of
PGPB strains, the interactions between different strains, and the antagonistic relationships
of PGPB and soil inherent microorganisms could also influence plant growth and Cd
uptake [12,13]. It is reported that the combined inoculation of Ncr-1 and Ncr-8 was effective
in the plant growth promotion and nickel translocation of their host plant N. caerulescens [14].
The triple inoculation of Azospirillum brasilense, Burkholderia cepacian, and Enterobacter cloacae
increased the biomass of strawberries [15]. The triple inoculation of PGPB consortia with
different ecological niches was also verified to be effective to promote plant growth and Cd
uptake in B. juncea [16]. However, the distinct effects between single PGPB inoculants and
combined PGPB inoculants on promoting plant growth and Cd uptake remain unclear.

Therefore, three PGPB strains were adapted to Cd-contaminated soil for a field experi-
ment to elucidate the differences among single PGPB inoculants, double PGPB inoculants,
and triple PGPB inoculants in plant growth, plant Cd uptake and accumulation, Cd phy-
toextraction efficiency, and soil Cd removal rates. All strains used in this study were
isolated from hyperaccumulator S. alfredii, and were verified as beneficial for plant growth
and the Cd uptake of B. juncea in our previous study [17]. The objective of this study
was to determine the effective PGPB inoculants for facilitating both plant growth and Cd
phytoremediation. This study will expound on the rule of efficient PGPB consortia for
effective Cd removal and sustainable crop production in the agricultural field.

2. Materials and Methods
2.1. Preparation of Bacterial Suspensions

Three bacterial strains, namely Cupriavidus SaCR1, Burkholdria SaMR10, and Sphin-
gomonas SaMR12 were selected according to their plant growth-promoting (PGP) traits on
plant growth and the Cd uptake of B. juncea [17]. Detailed PGP traits and the 16 S TDNA
accession number were listed in Table 1. Bacterial strains were cultured in Luria—Bertani
(LB) broth medium at 30 °C for 24 h with continuous shaking. Cells were washed afterward,
followed by suspension and then adjusted the optical density (OD) from 600 nm to 1.0 [9].

Table 1. Detailed information on bacterial strains used in this study.

Genus 16S rDNA ACC Deaminase IAA Siderophore Phosphate
Affiliation Accession No. Activity Production Production Solubilization
SaCR1 Cupriavidus JQ806419 - + + +
SaMR10 Burkholdria HQ730964 + + + +
SaMR12 Sphingomonas JN573357 - + + +
All bacterial strains were isolated from Sedum alfredii Hance. +: positive; —: negative; ACC, 1-aminocyclop

ropane-1-carboxylate; IAA, indoleacetic acid.

2.2. Field Layout and Experimental Design

Eight treatments were set in this experiment: (1) non-inoculated as control; (2) SaCR1
single inoculants; (3) SaMR10 single inoculants; (4) SaMR12 single inoculants; (5) SaCR1 +
SaMR10 combined inoculants; (6) SaCR1 + SaMR12 combined inoculants; (7) SaMR10 +
SaMR12 combined inoculants; and (8) SaCR1 + SaMR10 + SaMR12 combined inoculants.
After culturing for 24 h, the bacterial suspensions were obtained with centrifugation to
ODgoonm = 1.0. Combined inoculants were prepared with the same volume of bacterial
suspensions of the corresponding individual components (1:1 and 1:1:1 in double and triple
combined inoculants). Equivalent sterilized water was added in the non-inoculated treatment.

The field experiment was located in the experimental field of the China National
Rice Research Institute in Fuyang District, Hangzhou. The climate of Fuyang belongs
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to the subtropical monsoon climate, and its basic characteristics are cold winter and hot
summer, with four distinct seasons. There are also abundant precipitation and sufficient
sunshine in spring, synchronous rain and heat in summer, and complementary light and
temperature in autumn and winter. All these climate characteristics were suitable for the
cultivation and growth of oilseed rape. The experimental block is a paddy-upland rotation
paddy field, with a soil pH 6.3; soil organic matter 28.6 mg-kg~!; total nitrogen content
1.88 g-kg~!; CEC content 15.6 cmol-kg~!; soil total Cd content 1.49 mg-kg~!; soil available
Cd content 0.72 mg-kg~!. Before plant transplanting, 750 kg-ha~! compound fertilizer was
applied into the field as a basal fertilizer, in which the nitrogen: phosphate: potassium =
15:14:16. None of the extra nutrients (e.g., NPK fertilizer) were added to the experimental
duration. After the rice harvest in October, straws were removed and the field was divided
into 24 equal plots. Bacterial suspensions were sprayed into each plot with an equivalent
volume of 60 mL based on our previous study [16]. The diagrammatic field layout is
depicted in Figure 1.

BB (D] W [N]|N||O1|= 00|00 [N [
W= (N[N ||=]|N]| |||

Figure 1. Diagrammatic field layout of the experiment. The field was divided into 24 plots, each
12 m in length and 1.55 m in width. The interval between each plot is 20 cm, and guard raw were set
around the experimental plots (the orange cases). Numbers 1-8 represent the different treatments,
and the same numbers represent three replicates of the experimental treatment.

2.3. Determination of Cd Contents in Plant Samples and Soil Samples

Samples were collected at different growth stages, including the seedling stage, bud
stage, flowering stage, and the mature stage. The harvested plant samples were oven-dried
at 65 °C until constant weights were reached. After recording the dry weights, plant
samples were ground into powder. Then, 0.2 g samples were used for digestion with
HNO;3 and H,O; (5:1, v/v) solution until clear, then Cd contents were determined using
an Inductively Coupled Plasma Mass Spectrometer (ICP-MS, PlasmaQuant® MS, Analytik
Jena, Jena, Germany). Quality control was processed with National Reference Materials
(GBW (E) 100495, plant Cd contents 0.36 & 0.02 mg-kg’l).

The soil samples were collected at the mature stage. After being naturally dried
and ground to pass through a 2 mm sieve, the total Cd contents in the soil were mea-
sured by digestion with HNO3:HCIO4: HF = 5:1:1 (v/v/v) and determined by an ICP-
MS (PlasmaQuant® MS, Analytik Jena, Jena, Germany). National Reference Materials
(GBW07917, soil Cd contents 0.62 + 0.04 mg-kg~!) were used for quality control.
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2.4. Calculation of Plant Cd Extraction and Soil Cd Removal

After sample harvesting at the mature stage, plant Cd extraction, plant Cd extraction
rates, soil Cd removal, and soil Cd removal rates were calculated according to [18] using
the following formulas:

Cd extraction by straw (mg-plot~!) = Cd contents in straw (mg-kg 1) x straw yield (kg-plot 1)

Cd extraction by seeds (mg-plotfl) = Cd contents in seeds (mg~kg*1) x seeds yield (kg-plotfl)

Cd extraction rates by straw (%) = Cd extraction by straw/initial Cd accumulation in soil x 100

Cd extraction rates by seeds (%) = Cd extraction by seeds/initial Cd accumulation in soil x 100

Soil Cd removal (mg-plot!) = initial Cd accumulation in soil (mg-plot~!) — [soil Cd contents in mature

stage (mg-kg~!) x plot soil biomass (kg-plot1)]

Soil Cd removal rates (%) = soil Cd removal/initial Cd accumulation in soil x 100

Initial Cd accumulation in soil (mg~plot’1) = initial soil Cd concentration (mg~kg*1) x plot soil

biomass (kg-plot—1)/1000

Plot soil biomass (kg-plotfl) = plot length (m) x plot width (m) x soil depth (m) x bulk density (g-cm73)

Here, the plot length is 12 m, the plot width is 1.55 m, soil depth is 20 cm, and the bulk

density is 1.1 g-cm 3.

2.5. Data Analysis

The data analysis of this study was performed using the SPSS statistical 20.0 software
(SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) proceeded at a
significance of p < 0.05 indicated by Duncan’s test. Graphical work was conducted with
Origin 8.0 (Northampton, MA 01060, USA).

3. Results
3.1. Effects of PGPB Inoculants on Plant Growth

The dry weights (DW) in shoots at the seedling stage were increased by 4.5-70.2%
after adopting PGPB inoculants, among which SaCR1 + SaMR10 + SaMR12 combined
inoculants showed the largest augmentation in shoot biomass promotion. In addition,
combined inoculants were more beneficial than single inoculants to facilitate shoot DW at
the seedling stage. PGPB inoculants enhanced shoot DW by 63.1-220.1% and 24.4-95.2%
at the bud stage and flowering stage, respectively (Figure 2a). Combined inoculants
of SaCR1 + SaMR10 + SaMR12 were most efficient for shoot promotion at the bud stage
(Figure 2a,c). At the mature stage, SaCR1 + SaMR12 combined inoculants, SaMR10 +
SaMR12 combined inoculants, and SaCR1 + SaMR10 + SaMR12 combined inoculants
significantly increased shoot DW by 34.6%, 49.1%, and 58.2%, respectively (Figure 2a). In
summary, SaCR1 + SaMR10 + SaMR12 combined inoculants were the most effective agents
for shoot biomass promotion in all plant growth stages (Figure 2a).

However, PGPB inoculants induced inconspicuous differences in plant root DW at
the seedling stage (Figure 2b). At the bud stage, root DW was significantly enhanced with
PGPB inoculants, among which SaCR1 + SaMR10 + SaMR12 combined inoculants were
most effective with 146.7% augmentation on root biomass (Figure 2b,c). Compared with
non-inoculated treatment, PGPB inoculants distinctly enhanced root DW at the flowering
stage by 31.2-149.7%. At the mature stage, PGPB inoculants significantly facilitated root
DW with 21.6-172.7% (Figure 2b). Similarly, the SaCR1 + SaMR10 + SaMR12 combined
inoculants were most beneficial to root biomass promotion in all plant growth stages
(Figure 2b).
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[ Seediing stage I Bud stage I Flowering stage I Mature stage
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Dry weight in shoots (g-plant )
Dry weight in roots (g-plant”)
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Figure 2. Effects of PGPB inoculants on dry weight (DW) in (a) shoots and (b) roots of B. juncea at
different growth stages. Orange, green, red, and purple represent the seedling stage, bud stage, flow-
ering stage, and mature stage, respectively. The letters of corresponding colors indicate the significant
differences among different treatments at the same growth stage. (c) Plant growth condition at the
bud stage. Bar = 10 cm.

3.2. Effects of PGPB Inoculants on Seed Yield, Seed Cd Uptake, and Accumulation

Compared with non-inoculated treatment, PGPB inoculants significantly facilitated
the seed yield by 15.9-52.5%. Specifically, combined PGPB inoculants were more effective
than single inoculants (Figure 3).

Compared with non-inoculated treatment, SaMR10 single inoculants significantly
decreased the seed Cd concentration by 27.0%, while SaMR12 single inoculants, SaCR1 +
SaMR12 combined inoculants, and SaCR1 + SaMR10 + SaMR12 combined inoculants
all promoted seed Cd concentration at a significant level by 71.2%, 61.3%, and 131.5%
accordingly (Figure 4a). Additionally, the seed Cd accumulation was slightly decreased
with SaMR10 single inoculants, while SaMR12 single inoculants and SaCR1 + SaMR10 +
S5aMR12 combined inoculants significantly enhanced the seed Cd accumulation by 128.2%
and 250.2%, respectively (Figure 4b).
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Figure 3. Effects of PGPB inoculants on the seed yield of B. juncea. The letters above the column
indicate the significant differences among different treatments at p < 0.05.
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Figure 4. Effects of PGPB inoculants on the seed (a) Cd concentration and (b) Cd accumulation. The
letters above the column indicate the significant differences among different treatments at p < 0.05.

3.3. Effects of PGPB Inoculants on Plant Cd Uptake and Accumulation

Cd contents in shoots were increased from seedling stage to bud stage, but subse-
quently declined (Figure 5). At the seedling stage, SaMR12 single inoculants, SaMR10 +
S5aMR12 combined inoculants, and SaCR1 + SaMR10 + SaMR12 combined inoculants sig-
nificantly enhanced the shoot Cd contents by 42.7%, 42.7%, and 32.1% accordingly. At the
bud stage, SaMR10 single inoculants, SaMR12 single inoculants, and SaCR1 + SaMR10 +
SaMR12 combined inoculants significantly enhanced shoot Cd contents by 28.1%, 29.2%,
and 34.0% accordingly. Shoot Cd contents during the flowering stage were generally
lower than the seedling stage and bud stage, and PGPB inoculants improved the Cd con-
tents by 17.0-134.4%. At the mature stage, only SaMR10 + SaMR12 combined inoculants
significantly enhanced Cd contents by 70.5% (Figure 5).

ﬁ Seedling stage - Bud stage - Flowering stage - Mature stage ]
(=

Cd contents in shoots (mg-kg ')
Cd contents in roots (mg-kg”')

Control  SaCR1

SaCR1  SaMR10 SaMR12 SaCR1+ SaCR1+ SaMR10+ S4CR1+SaMR10
SaMR10 SaMR12 SaMR12  *SaMR12

Figure 5. Effects of PGPB inoculants on Cd contents in (a) shoots and (b) roots of B. juncea at different
growth stages. Orange, green, red, and purple represent the seedling stage, bud stage, flowering
stage, and mature stage, respectively. The letters of corresponding colors indicate the significant
differences among different treatments at the same growth stage.

The Cd contents in roots were firstly decreased from the seedling stage to the flowering
stage, which then increased in the mature stage (Figure 6). At the seedling stage, SaMR10
single inoculants and SaMR12 single inoculants augmented the root Cd contents by 5.7%
and 16.2%, respectively. Instead, SaCR1 single inoculants, SaCR1 + SaMR10 combined
inoculants, SaCR1 + SaMR12 combined inoculants, and SaCR1 + SaMR10 + SaMR12
combined inoculants significantly decreased the root Cd contents by 24.4%, 39.6%, 29.6%,
and 19.0%, respectively. PGPB combined inoculants were more effective for elevating
root Cd contents than single inoculants at the bug stage since SaCR1 + SaMR10 combined
inoculants, SaCR1 + SaMR12 combined inoculants, SaMR10 + SaMR12 combined inoculants,
and SaCR1 + SaMR10 + SaMR12 combined inoculants significantly increased root Cd
contents by 11.3-32.4%. At the flowering stage, SaMR10 single inoculants, SaCR1 + SaMR12
combined inoculants, and SaMR10 + SaMR12 combined inoculants significantly enhanced
the root Cd contents by 42.7%, 41.9%, and 19.8%, respectively. At the mature stage, SaMR10
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single inoculants, SaMR12 single inoculants, and SaCR1 + SaMR10 + SaMR12 combined
inoculants significantly improved root Cd contents by 17.5%, 73.9%, and 29.2%, respectively
(Figure 6).
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Figure 6. Effects of PGPB inoculants on Cd accumulation in (a) shoots and (b) roots of B. juncea
at different growth stages. Orange, green, red, and purple represent the seedling stage, bud stage,
flowering stage, and mature stage, respectively. The letters of corresponding colors indicate the
significant differences among different treatments at the same growth stage.

3.4. Effects of PGPB Inoculants on Cd Translocation Factor

Cd translocation factor (TF) was calculated by the formula: Cd translocation factor
(TF) = Cd contents in shoots (mg‘kg’l) /Cd contents in roots (mg-kg’l). At the seedling
stage, Cd TF was lower than 1.0 in the non-inoculated control, and PGPB inoculants
enhanced Cd TF with 9.8-84.0% among which SaCR1 + SaMR10 combined inoculants were
more effective than other treatments. At the bud stage, Cd TF were higher than 1.0 in all
treatments. Compared with non-inoculated control, only SaMR10 single inoculants and
5aMR12 single inoculants significantly improved Cd TF by 26.4% and 28.0%, respectively.
At the flowering stage, Cd TF was lower than 1.0 in the non-inoculated control, SaMR10
single inoculants, and SaCR1 + SaMR10 combined inoculants significantly promoted Cd
TF by 64.8% and 56.7%, respectively. Cd TF at the mature stage were greatly reduced to
<1.0. Compared with non-inoculated control, only SaCR1 + SaMR10 combined inoculants
and SaMR10 + SaMR12 combined inoculants significantly increased Cd TF with 86.7% and
71.2%, respectively (Figure 7).

25+
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o
o
!

00- Control  SaCR1 _ SaMR10 SaMR12 SaCRi1+ SaCR1+ SaMR10+ SaCR1+SaMR10
SaMR10 SaMR12 SaMR12 +SaMR12

Figure 7. Effects of PGPB inoculants on the translocation factor of B. juncea at different growth stages.
Orange, green, red, and purple represent the seedling stage, bud stage, flowering stage, and mature

stage, respectively. The letters of corresponding colors indicate the significant differences among
different treatments at the same growth stage.

3.5. Effects of PGPB Inoculants on Plant Cd Extraction and Soil Cd Remouval

Compared with non-inoculated control, most PGPB inoculants (except SaMR10 single
inoculants) facilitated Cd extraction by straw, among which SaMR10 + SaMR12 combined
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inoculants were the most efficient with a 156.4% augmentation. Additionally, Cd extraction
rates by straw with SaMR10 + SaMR12 combined inoculants was 3.66%, which is 256.0%
higher than that in the non-inoculated control. Compared with straw, Cd extraction by
seeds was a slight proportion with less than 14% of total Cd extraction by shoots. PGPB
inoculants significantly promoted Cd extraction in seeds by 49.6-250.2%. With SaCR1 +
S5aMR10 + SaMR12 combined inoculants, Cd extraction rates by seeds reached 0.33%, which
is 266.7% higher than that in the non-inoculated control. In addition, PGPB inoculants
greatly enhanced soil Cd removal by 19.9-70.9%, and soil Cd removal rates were also
promoted with PGPB inoculants (Table 2).

Table 2. Effects of PGPB inoculants on plant Cd extraction and soil Cd removal. The letters
represent the significant level among different treatment at p < 0.05.

Treatments Cd Extraction by Cd Extraction Rates Cd Extraction by Cd Extraction Rates Soil Cd Removal Soil Cd Removal
Straw (mg-plot~1) by Straw (%) Seeds (mg-plot~1) by Seeds (%) (mg-plot-1) Rates (%)
Control 87.50 +4.42°¢ 143 572 +0.84f 0.09 1196.29 + 89.51° 19.61
SaCR1 94.31 + 17.72b¢ 1.55 6.54 +0.29 ©f 0.11 1983.93 4 411.81 % 32.52
SaMR10 65.05+7.38 ¢ 1.07 5.31+£038f 0.09 1578.86 + 115.23 2 25.88
SaMR12 108.03 + 10.55 ¢ 177 13.05 £ 0.78 © 0.21 1843.53 + 293.25 2 30.22
SaCR1 + SaMR10 107.73 £ 3.19 b¢ 1.77 8.56 % 0.98 d¢ 0.14 2044.72 +168.71 2 33.52
SaCR1 + SaMR12 105.89 + 8.88 ¢ 1.74 12.61 £ 0.87 ¢ 0.21 1820.83 + 163.36 *° 29.85
SaMR10 + SaMR12 223.45 £23.09° 3.66 10.34 £ 1.00 ¢ 0.17 1434.56 + 149.60 *° 23.52
SaCRéaﬁRang * 135.23 + 21.58 2.22 20.03 +1.26° 0.33 1920.34 + 295.75 2 3148

4. Discussion

This study investigated the distinctive effects between single inoculants and combined
inoculants on plant growth, Cd uptake and accumulation, and the Cd phytoremediation
efficiency of B. juncea at different growth stages. These results provide theoretical evidence
and lay a practical foundation for evaluating the impacts of PGPB inoculants as microbial
agents during Cd phytoextraction in field application.

4.1. PGPB Combined Inoculants Were More Beneficial to Plant Growth

PGPB strains are widely distributed in the plant rhizosphere and endosphere, playing
important roles in plant growth conditions in contaminated soil [19,20]. For example,
inoculation of Burkholderia contaminans ZCC significantly promoted soybean growth by
23.96%, 78.18% in shoots and 20.14%, 28.81% in roots under 0.5 uM and 2.5 uM Cd?*
treatment, respectively [21]. Both single and combined inoculating wheat with Citrobacter
werkmanii strain WWN1 and Enterobacter cloacae strain JWMS6 improved the dry weight by
65-179% [22]. In this study, single and combined inoculants all promoted plant growth
at different growth stages, suggesting that PGPB inoculants could facilitate the growth
condition of oilseed rape in Cd-contaminated soil (Figure 2). PGPB inoculants promoted
shoot biomass at the seedling stage, while hardly affecting root biomass, which may account
for the thin and weak root development at the seedling stage (Figure 2). At the bud stage,
flowering stage, and mature stage, PGPB inoculants augmented the plant growth, among
which SaCR1 + SaMR10 + SaMR12 combined inoculants were more effective than single
inoculants (Figure 2), indicating that combined PGPB inoculants were more beneficial to
plant biomass accumulation during the middle and late growth stages. Moreover, combined
inoculants were superior to seed yield (Figure 3). Such beneficial effects could be attributed
to ACC deaminase activity, IAA production, siderophore production, and the phosphate
solubilization of PGPB strains (Table 1) [23]. On the other hand, PGPB could regulate
the physiological processes of plants and reduce the stress from heavy metals on plants
during the combined plant-microbe remediation of heavy metal pollution in soil [24]. In
addition, PGPB could facilitate plant growth under Cd stress by activating antioxidative
enzymes and the glutathione-ascorbic acid cycle [9], regulating hormonal and nutritional
balance [25], and protecting against pathogenic microorganisms and herbivores [26]. Thus,
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our results show that combined inoculants were more suitable as remediating agents for
plant biomass augmentation during Cd phytoremediation process in field application.

4.2. PGPB Combined Inoculants Were More Pronounced for Cd Phytoremediation

Apart from biomass augmentation, PGPB—plant interaction also facilitated Cd up-
take and accumulation [19,24]. The interaction effects between different strains of PGPB
inoculants may change the capability of heavy metals absorption, thus leading to the
differential Cd uptake and accumulation by plants. A synthetic community constructed
with beneficial microorganisms as well as PGPB strains was inoculated to willow, and the
results showed that the impacts of different consortia towards Cd uptake in willow were
greatly different [27]. In this study, SaMR10 single inoculants, SaMR12 single inoculants
and SaMR10 + SaMR12 combined inoculants were more conducive to plant Cd uptake
and accumulation at different growth stages (Figures 5 and 6), which could be explained
by the better performance of SaMR10 and SaMR12 single inoculation in comparison of
SaCR1 in facilitating the Cd uptake of B. juncea [17]. It was reported that the application of
multiple PGPB strains was more productive to plant growth promotion and heavy metal
accumulation [23,28], which also supported our results. In addition, the results showed
that the Cd contents in seeds were below the thresholds of the China National Food Safety
Standards [29] (GB 2762-2017). Considering the Cd threat to human health, the seeds were
usually used for industrial oil extraction. Additionally, straws after phytoextraction were
removed from the field and used for pyrolytic carbons [30], nanoporous carbons [31], and
biochar [27] as well. Cd concentration in shoots at mature stage declined but increased in
roots (Figure 5), indicating the consistency of decreased Cd TF at mature stage (Figure 7).
With SaMR10 single inoculants, Cd uptake and accumulation at the mature stage in seeds
were reduced due to the decreased Cd TF and Cd concentration in shoots (Figures 4-7).
Furthermore, our results suggest that SaMR10 + SaMR12 combined inoculants were more
suitable for elevated plant Cd extraction and soil Cd removal (Table 2). In summary, the
co-application of B. juncea and combined inoculants were recommended to be productive
combinations to facilitate plant growth and Cd uptake, thus contributing to augmented Cd
phytoextraction and safe agricultural production.

5. Conclusions

The results concluded that PGPB inoculants were effective for plant growth promotion
and seed yield production, in which SaCR1 + SaMR10 + SaMR12 combined inoculants
were more conducive. Moreover, SaMR10 + SaMR12 combined inoculants showed more
augmented impacts on Cd uptake and accumulation in straw, which enhanced Cd ex-
traction rates in straw by 156.0%. In conclusion, the application of PGPB inoculants was
beneficial for facilitating both plant growth and the Cd phytoremediation of B. juncea, and
combined inoculants were more effective than single inoculants. These results amplified
the present knowledge about PGPB co-inoculation and provided theoretical guidance for
the application of PGPB inoculants as bioaugmentation agents in Cd-contaminated fields
to further guarantee sustainable agriculture development and safe production.

Author Contributions: Conceptualization, Y.F. and G.S.; methodology, Q.W.; software, Q.W.; valida-
tion, S.X., Z.W. and Q.L.; formal analysis, L.H.; investigation, Q.W.; data curation, S.X., ZW. and Q.L.;
writing—original draft preparation, Q.W.; writing—review and editing, Y.F. and X.Y.; visualization,
L.H.; supervision, G.S.; project administration, Y.F,; funding acquisition, Y.F. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Zhejiang Provincial Natural Science Foundation of China
(No. LZ22D010002), and the National Natural Science Foundation of China (No. 41907109).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Toxics 2022, 10, 396 10 of 11

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Rizwan, M.; Ali, S.; Rehman, M.Z.U.; Rinklebe, ].; Tsang, D.C.; Bashir, A.; Magbool, A.; Tack, F.; Ok, Y.S. Cadmium phytoremedia-
tion potential of Brassica crop species: A review. Sci. Total Environ. 2018, 631-632, 1175-1191. [CrossRef] [PubMed]

Cojocaru, P.,; Gusiatin, Z.M.; Cretescu, I. Phytoextraction of Cd and Zn as single or mixed pollutants from soil by rape (Brassica
napus). Environ. Sci. Pollut. Res. 2016, 23, 10693-10701. [CrossRef] [PubMed]

Seth, C.S.; Chaturvedi, PK.; Misra, V. The role of phytochelatins and antioxidants in tolerance to Cd accumulation in Brassica
juncea L. Ecotoxicol. Environ. Saf. 2008, 71, 76-85. [CrossRef] [PubMed]

Wang, X.; Shi, Y.; Chen, X.; Huang, B. Screening of Cd-safe genotypes of Chinese cabbage in field condition and Cd accumulation
in relation to organic acids in two typical genotypes under long-term Cd stress. Environ. Sci. Pollut. Res. 2015, 22, 16590-16599.
[CrossRef] [PubMed]

Jinadasa, N.; Collins, D.; Holford, P.; Milham, P.J.; Conroy, J.P. Reactions to cadmium stress in a cadmium-tolerant variety of
cabbage (Brassica oleracea L.): Is cadmium tolerance necessarily desirable in food crops? Environ. Sci. Pollut. Res. 2015, 23,
5296-5306. [CrossRef] [PubMed]

Drozdova, I.; Alekseeva-Popova, N.; Dorofeyev, V.; Bech, J.; Belyaeva, A.; Roca, N. A comparative study of the accumulation of
trace elements in Brassicaceae plant species with phytoremediation potential. Appl. Geochemn. 2019, 108, 104377. [CrossRef]
Navarro-Leoén, E.; Ruiz, ].M.; Albacete, A.; Blasco, B. Tolerance to cadmium toxicity and phytoremediation potential of three
Brassica rapa CAX1a TILLING mutants. Ecotoxicol. Environ. Saf. 2019, 189, 109961. [CrossRef]

Raza, A.; Habib, M.; Kakavand, S.N.; Zahid, Z.; Zahra, N.; Sharif, R.; Hasanuzzaman, M. Phytoremediation of Cadmium:
Physiological, Biochemical, and Molecular Mechanisms. Biology 2020, 9, 177. [CrossRef]

Wang, Q.; Ge, C.F; Xu, S.A.; Wu, YJ.; Sahito, Z.A.; Ma, L.Y,; Pan, F; Zhou, Q.; Huang, L.; Feng, Y.; et al. The endophytic bacterium
Sphingomonas SaMR12 alleviates Cd stress in oilseed rape through regulation of the GSH-AsA cycle and antioxidative enzymes.
BMC Plant Biol. 2020, 20, 63. [CrossRef]

Chen, B.; Luo, S.; Wu, Y;; Ye, ].; Wang, Q.; Xu, X,; Pan, F; Khan, K.Y,; Feng, Y.; Yang, X. The effects of the endophytic bacterium
Pseudomonas fluorescens Sasm05 and IAA on the plant growth and cadmium uptake of Sedum alfredii Hance. Front. Microbiol. 2017,
8, 2538. [CrossRef]

He, X;; Xu, M,; Wei, Q.; Tang, M.; Guan, L.; Lou, L.; Xu, X,; Hu, Z,; Chen, Y.; Shen, Z.; et al. Promotion of growth and
phytoextraction of cadmium and lead in Solanum nigrum L. mediated by plant-growth-promoting rhizobacteria. Ecotoxicol.
Environ. Saf. 2020, 205, 111333. [CrossRef]

Zhang, R.E; Vivanco, ].M.; Shen, Q.R. The unseen rhizosphere root-soil-microbe interactions for crop production. Curr. Opin.
Microbiol. 2017, 37, 8-14. [CrossRef]

Ju, W.; Liu, L.; Jin, X.; Duan, C.; Cui, Y.; Wang, J.; Ma, D.; Zhao, W.; Wang, Y.; Fang, L. Co-inoculation effect of plant-growth-
promoting rhizobacteria and rhizobium on EDDS assisted phytoremediation of Cu contaminated soils. Chemosphere 2020, 254,
126724. [CrossRef]

Visioli, G.; Vamerali, T.; Mattarozzi, M.; Dramis, L.; Sanangelantoni, A.M. Combined endophytic inoculants enhance nickel
phytoextraction from serpentine soil in the hyperaccumulator Noccaea caerulescens. Front. Plant Sci. 2015, 6, 638. [CrossRef]

De Andrade, EM.; Pereira, T.D.A.; Souza, T.P.; Guimaraes, PH.S.; Martins, A.D.; Schwan, R.; Pasqual, M.; Déria, J. Beneficial
effects of inoculation of growth-promoting bacteria in strawberry. Microbiol. Res. 2019, 223-225, 120-128. [CrossRef]

Wang, Q.; Zhou, Q.; Huang, L.; Xu, S.; Fu, Y.; Hou, D.; Feng, Y.; Yang, X. Cadmium phytoextraction through Brassica juncea L.
under different consortia of plant growth-promoting bacteria from different ecological niches. Ecotoxicol. Environ. Saf. 2022,
237,113541. [CrossRef]

Wang, Q.; Ma, L.; Zhou, Q.; Chen, B.; Zhang, X.; Wu, Y,; Pan, F,; Huang, L.; Yang, X.; Feng, Y. Inoculation of plant growth
promoting bacteria from hyperaccumulator facilitated non-host root development and provided promising agents for elevated
phytoremediation efficiency. Chemosphere 2019, 234, 769-776. [CrossRef]

Ma, L.Y.; Wu, Y.J.; Wang, Q.; Feng, Y. The endophytic bacterium relieved healthy risk of pakchoi intercropped with hyperaccumu-
lator in the cadmium polluted greenhouse vegetable field. Environ. Pollut. 2020, 264, 114796. [CrossRef]

Kong, Z.; Glick, B.R. The role of plant growth-promoting bacteria in metal phytoremediation. Adv. Microb. Physiol. 2017, 71,
97-132.

Kurniawan, S.B.; Ramli, N.N.; Said, N.S.M.; Alias, J.; Imron, M.E,; Abdullah, S.R.S.; Othman, A.R.; Purwanti, L.LE.; Abu Hasan, H.
Practical limitations of bioaugmentation in treating heavy metal contaminated soil and role of plant growth promoting bacteria in
phytoremediation as a promising alternative approach. Heliyon 2022, 8, e08995. [CrossRef]

You, L.X.; Zhang, R.R.; Dai, ].X,; Lin, Z.T.; Li, Y.P,; Herzberg, M.; Zhang, ].L.; Al-Wathnani, H.; Zhang, C.K.; Feng, RW.; et al.
Potential of cadmium resistant Burkholderia contaminans strain ZCC in promoting growth of soybeans in the presence of cadmium.
Ecotoxicol. Environ. Saf. 2021, 211, 111914. [CrossRef] [PubMed]


http://doi.org/10.1016/j.scitotenv.2018.03.104
http://www.ncbi.nlm.nih.gov/pubmed/29727943
http://doi.org/10.1007/s11356-016-6176-5
http://www.ncbi.nlm.nih.gov/pubmed/26884243
http://doi.org/10.1016/j.ecoenv.2007.10.030
http://www.ncbi.nlm.nih.gov/pubmed/18082263
http://doi.org/10.1007/s11356-015-4838-3
http://www.ncbi.nlm.nih.gov/pubmed/26081776
http://doi.org/10.1007/s11356-015-5779-6
http://www.ncbi.nlm.nih.gov/pubmed/26564184
http://doi.org/10.1016/j.apgeochem.2019.104377
http://doi.org/10.1016/j.ecoenv.2019.109961
http://doi.org/10.3390/biology9070177
http://doi.org/10.1186/s12870-020-2273-1
http://doi.org/10.3389/fmicb.2017.02538
http://doi.org/10.1016/j.ecoenv.2020.111333
http://doi.org/10.1016/j.mib.2017.03.008
http://doi.org/10.1016/j.chemosphere.2020.126724
http://doi.org/10.3389/fpls.2015.00638
http://doi.org/10.1016/j.micres.2019.04.005
http://doi.org/10.1016/j.ecoenv.2022.113541
http://doi.org/10.1016/j.chemosphere.2019.06.132
http://doi.org/10.1016/j.envpol.2020.114796
http://doi.org/10.1016/j.heliyon.2022.e08995
http://doi.org/10.1016/j.ecoenv.2021.111914
http://www.ncbi.nlm.nih.gov/pubmed/33454593

Toxics 2022, 10, 396 11 of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ajmal, A.W,; Yasmin, H.; Hassan, M.N.; Khan, N.; Jan, B.L.; Mumtaz, S. Heavy metal-resistant plant growth-promoting Citrobacter
werkmanii strain WWN1 and Enterobacter cloacae strain JWM6 enhance wheat (Triticum aestivum L.) growth by modulating
physiological attributes and some key antioxidants under multi-metal stress. Front. Microbiol. 2022, 13, 815704. [CrossRef]
[PubMed]

He, C.; Wang, W.; Hou, ]. Plant performance of enhancing licorice with dual inoculating dark septate endophytes and Trichoderma
viride mediated via effects on root development. BMC Plant Biol. 2020, 20, 325. [CrossRef] [PubMed]

Ren, X.M.; Guo, SJ; Tian, W.; Chen, Y.; Han, H.; Chen, E.; Li, B.L.; Li, Y.Y.; Chen, Z.]. Effects of plant growth-promoting bacteria
(PGPB) inoculation on the growth, antioxidant activity, Cu uptake, and bacterial community structure of rape (Brassica napus L.)
grown in Cu-contaminated agricultural soil. Front. Microbiol. 2019, 10, 1455. [CrossRef] [PubMed]

Wu, Y;; Ma, L.; Liu, Q.; Vestergérd, M.; Topalovic, O.; Wang, Q.; Zhou, Q.; Huang, L.; Yang, X.; Feng, Y. The plant-growth
promoting bacteria promote cadmium uptake by inducing a hormonal crosstalk and lateral root formation in a hyperaccumulator
plant Sedum alfredii. ]. Hazard. Mater. 2020, 395, 122661. [CrossRef] [PubMed]

Vejan, P.; Abdullah, R.; Khadiran, T.; Ismail, S.; Nasrulhaq Boyce, A. Role of plant growth promoting rhizobacteria in agricultural
sustainability—A review. Molecules 2016, 21, 573. [CrossRef] [PubMed]

Wang, G.; Zhang, Q.; Du, W.; Ai, F; Yin, Y.; Ji, R.; Guo, H. Microbial communities in the rhizosphere of different willow genotypes
affect phytoremediation potential in Cd contaminated soil. Sci. Total Environ. 2021, 769, 145224. [CrossRef]

Jeyasundar, PG.S.A; Ali, A.; Azeem, M,; Li, Y,; Guo, D.; Sikdar, A.; Abdelrahman, H.; Kwon, E.; Antoniadis, V.; Mani, V.M.; et al.
Green remediation of toxic metals contaminated mining soil using bacterial consortium and Brassica juncea. Environ. Pollut. 2021,
277,116789. [CrossRef]

GB 2762-2017; National Food Safety Standard Limit of Pollutants in Food. National Health and Family Planning Commission and
China Food and Drug Administration: Beijing, China, 2017. (In Chinese)

Stratford, J.P.; Hutchings, T.R.; De Leij, F.A. Intrinsic activation: The relationship between biomass inorganic content and porosity
formation during pyrolysis. Bioresour. Technol. 2014, 159, 104-111. [CrossRef] [PubMed]

Cheng, H.; Song, Y.; Bian, Y; Ji, R; Wang, E; Gu, C,; Yang, X,; Jiang, X. Sustainable synthesis of nanoporous carbons from
agricultural waste and their application for solid-phase microextraction of chlorinated organic pollutants. RSC Adv. 2018, 8,
15915-15922. [CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2022.815704
http://www.ncbi.nlm.nih.gov/pubmed/35602039
http://doi.org/10.1186/s12870-020-02535-9
http://www.ncbi.nlm.nih.gov/pubmed/32646473
http://doi.org/10.3389/fmicb.2019.01455
http://www.ncbi.nlm.nih.gov/pubmed/31316489
http://doi.org/10.1016/j.jhazmat.2020.122661
http://www.ncbi.nlm.nih.gov/pubmed/32305720
http://doi.org/10.3390/molecules21050573
http://www.ncbi.nlm.nih.gov/pubmed/27136521
http://doi.org/10.1016/j.scitotenv.2021.145224
http://doi.org/10.1016/j.envpol.2021.116789
http://doi.org/10.1016/j.biortech.2014.02.064
http://www.ncbi.nlm.nih.gov/pubmed/24632632
http://doi.org/10.1039/C8RA02123F
http://www.ncbi.nlm.nih.gov/pubmed/35542190

	Introduction 
	Materials and Methods 
	Preparation of Bacterial Suspensions 
	Field Layout and Experimental Design 
	Determination of Cd Contents in Plant Samples and Soil Samples 
	Calculation of Plant Cd Extraction and Soil Cd Removal 
	Data Analysis 

	Results 
	Effects of PGPB Inoculants on Plant Growth 
	Effects of PGPB Inoculants on Seed Yield, Seed Cd Uptake, and Accumulation 
	Effects of PGPB Inoculants on Plant Cd Uptake and Accumulation 
	Effects of PGPB Inoculants on Cd Translocation Factor 
	Effects of PGPB Inoculants on Plant Cd Extraction and Soil Cd Removal 

	Discussion 
	PGPB Combined Inoculants Were More Beneficial to Plant Growth 
	PGPB Combined Inoculants Were More Pronounced for Cd Phytoremediation 

	Conclusions 
	References

